It was shown by gel chromatography, sucrose gradient centrifugation and immunodiffusion that tobacco rattle virus (TRV) coat protein can exist in various discrete states of aggregation. Mol. wt. values of about 2o o0o, 75 ooo and 2Io ooo were estimated for the coat protein subunit and two discrete oligomeric aggregates, and a sedimentation coefficient of about 35S for the characteristic disc-like polymeric aggregate. Some serological differences between the 35 S-aggregate and a mixture of oligomers and monomers of the coat protein subunit were demonstrated by agar gel immunodiffusion and immunoelectrophoresis.
INTRODUCTION
Tobacco rattle virus consists of RNA-containing rod-like particles, mainly of two characteristic lengths (Van Der Want & Rozendaal, I948; Paul & Bode, t955; Harrison & Woods, 1966; Semancik & Kajiyama, I967) . Only long particles or RNA from such particles are infectious on their own (Harrison & Nixon, I959a, b; Lister, I966, I968; Frost, Harrison & Woods, I967) . The RNA from the short particles codes for the coat protein of short and long particles (Stinger, I968 ; Ball, Minson & Shih, I973) .
Disc-like protein aggregates were observed by electron microscopy during in vitro reconstitution experiments of TRV from purified coat protein and RNA (Offord, I966; Semancik & Reynolds, i969; Abou Haidar et al. T973) . The sedimentation properties of such characteristic polymers of at least two TRV strains have been investigated (Fritsch et al. I973 ; Morris & Semancik, I973) . Values of 35 to 36 S were found and it was suggested by Morris & Semancik (I973) that these aggregates consist of 5o capsid subunits which form a double-layer protein disc like those of tobacco mGsaic virus (TMV) and barley stripe mosaic virus (BSMV: Atabekov et al. I968; Durham, Finch & Klug, I97I) . These doublelayer coat protein discs of TMV were shown to be involved in initiation and elongation in the in vitro reconstitution process of TMV (Butler & Klug, I97I ; Durham & Klug, I97~ ; Butler, i974) . TMV coat protein forms in vitro additional discrete aggregates of the coat protein subunit (Caspar, I963; Lauffer & Stevens, I968; Durham et al. I97I) .
The work presented in this paper shows that TRV coat protein, like that of TMV, can exist in vitro in a number of discrete aggregated states. Some antigenic and physicochemical properties of these aggregates are described. systemically infected leaves were harvested and kept frozen at -20 °C until further use. An adaptation of the method described by Maat (I963) and Huttinga (I972), was used for the purification of the virus nucleoprotein. Five hundred g of frozen leaves were thawed and homogenized in 600 ml 0.2 ~ thioglycollic acid containing o.18 M-McIlvaine citric acid/ phosphate buffer (CP-buffer), pH 7. The homogenate was squeezed through a nylon filter cloth and 400 ml diethylether and 400 ml carbon tetrachloride were added to the filtrate for clarification. After separation of the phases by low speed centrifugation (IO rain at 10o00 g) the virus was purified from the aqueous phase by two cycles of differential centrifugation (70 min at I76ooog and IO rain at Ioooog) and finally taken up in I5 ml of o-I8 M-CPbuffer, pH 7. Further purification was by zonal sucrose gradient sedimentation (IO to 4o sucrose [w/w] linear with volume) in a Beckman Ti-I4 rotor for 1 h at 40 ooo rev]min. The gradient was analysed with an LKB-Uvicord set at 260 nm. Fifteen ml fractions with either short or long particles were pooled, diluted I : I with o.o18 M-CP-buffer, pH 7, and centrifuged for 2"5 h at 1760o0 g. The pelleted virus was resuspended in o.o18 M-CP-buffer, pH 7, and stored after a further low speed centrifugation. For quantitative measurements E20"1%, 1 cm 60 = 3 (Harrison, I97O) was used.
Preparation of coat protein.
Virus nucleoprotein samples at a concentration of 5 to IO mg/ml were degraded in 67 ~o acetic acid at o °C for 30 rain (Fraenkel-Conrat, 1957 Gel chromatography. Sephadex G 20o Superfine from Pharmacia Fine Chemicals, Uppsala, Sweden, was used in standardized gel beds of 31 cm lengths and 1.5 cm diam. The flow rate was o'o3 ml/min. All experiments were done at 4 °C. One ml samples containing 3 to 6 mg protein were applied to the columns. Proteins for column calibration were purchased from Fluka AG, Buchs SG, Switzerland. The elution behaviour of the samples was described by (Morris & Semancik, 1973) .
Preparation qf antiserum. Purified virus nucleoprotein and pyrrolidine-degraded coat protein (Shepard, 197o) were used as immunogens for the production of nucleoprotein specific and protein specific antisera in 6-to lo-month-old rabbits. Three to 5 mg immunogen was used per animal injection. A total of four injections were done at intervals of 3 days for intravenous and 7 days for subcutaneous applications. Booster injections were done for the production of protein specific antisera. Two or three blood samples were taken at weekly intervals beginning 7 or lO days after the last injection.
Ouchterlony double diffusion tests, lonagar gels, normally 0.6 ~ in o.o18 M-CP-buffer, pH 7, and o.o2 ~o NaNa, were used. Crude antigen samples were prepared from infected plants by diluting sap 1 : I with gel-buffer. Diffusion occurred at room temperature and high humidity for 48 h. The precipitation pattern was recorded photographically under dark field illumination.
Immunoelectrophoresis. Agarose gels (o'9 ~) made up in electrode buffer (o.o18 M-CPbuffer, pH 7, or o-oi7 M-veronal buffer, pH 8.6) were used in a cooled Shandon electrophoresis unit. Diffusion and photography were done under the same conditions as mentioned above.
Electron microscopy. Nucleoprotein and protein preparations were negatively contrasted as described by Bovey (I971) and viewed with a Philips EM 3oo microscope.
RESULTS

Gel chromatography, sucrose gradient centrifugation and electron microscopy
The nature of TRV coat protein in buffer solution of low ionic strength was first investigated. The protein in o.o26 M-CP-buffer, pH 7, eluted in the exclusion fraction (Kay -o) from Sephadex G 2o0 Superfine columns as shown by the u.v. absorption profile presented in Fig. I (a) . Sephadex G 200 excludes globulins of mot. wt. above 8ooooo. TRV coat protein has, however, a mol. wt. of only I9ooo to 24000 (Offord & Harris, 1965; Semancik, 197o) . It must therefore be present in a polymeric high mol. wt. form at low ionic strength, pH 7 and 4 °C. The asymmetrical elution profile indicates a probable equilibrium reaction with low amounts of smaller components. Very similar elution profiles were obtained by gel chromatography at pH 6 or at pH 5, but at pH 4"5, all the protein eluted within the fractionation range (Fig. I b) , indicating dissociation of the polymers. The protein sedimented homogeneously, forming a sharp band when centrifuged on sucrose gradients in o-o18 M-CP-buffer, pH 7. A sedimentation value of about 35 S was determined for the band, fairly well in accordance with 35 to 36S found by Morris & Semancik (I973) and Fritsch et al. (L973) for double-layer protein discs from two American TRV strains. Furthermore, electron microscopy of coat protein in diluted buffer revealed structures identical with double-layer protein discs illustrated by the investigators mentioned above (Fig. 3) -The polymers are therefore called double-layer protein discs or 35 S-aggregates below.
Dissociation of the double-layer TRV coat protein discs was expected in buffer solutions of high ionic strength (Fritsch et at. 1973; Morris & Semancik, I973) . (Fig. I d) . Rechromatography of single peak material again gave the multiple peak pattern. Removing the salt from such protein preparations by dialysis against diluted buffer led to the reversible polymerization of the protein forming double-layer protein discs. The protein was therefore not seriously denatured upon storage for a few days or up to a few weeks. Traces of distinct protein aggregates, showing a chromatographic behaviour as mentioned above, were also found in preparations of purified TRV nucleoprotein. The coat protein sedimented on sucrose gradients in 0"5 M-KC1 containing o'o~8 M-CP-buffer, pH 7, with a sedimentation coefficient of less than 6 S. The degree of dissociation was therefore greater in these experiments than under gel chromatography conditions. Mol. wt. of the three structures eluting within the fractionation range of Sephadex G zoo Superfine were estimated by using calibrated columns under high salt conditions. According to the equation Ve/Vo = log MW(X), mol. wt. values of 2IOOOO, 75000 and 20000 were calculated (Fig. 2) . The smallest value corresponds with the expected mol. wt. of the coat protein subunit. Due to the lower accuracy at the limits of the fractionation range it can not be decided, whether the exact tool. wt. of the subunit lies nearer to the value of 24ooo, found by Offord & Harris 0965), or of I9ooo, found by Semancik 097 o) for other isolates. It is, however, possible to estimate that oligomer II consists of about 9 or Io subunits and oligomer 11I of 3 or 4 subunits.
The investigations described above emphasized the existence of several discrete aggregates of TRV coat protein. The observation of multiple immunoprecipitation bands in Ouchterlony double-diffusion tests, which are shown below, supports these results. For serological studies it was necessary to prevent equilibrium reactions between the different aggregates. Stabilization of double-layer protein discs and a mixture of oligomers and monomers was obtained by treatment with o'37 ~ formaldehyde under appropriate conditions as described above. Fixation under conditions favouring the 35S-aggregate gave a nearly complete polymerization of the protein and the polymers were stable in c'5 M-KCI containing o.o26 M-CP-buffer, p H 7 (Fig. I e) . This protein sedimented homogeneously at 35 S in high salt-containing sucrose gradients. Coat protein fixed under dissociating alkaline conditions eluted mainly within the fractionation range of Sephadex G 20o Superfine (Fig. ~f) in diluted buffer, whereas untreated protein was excluded (Fig. I a) Tobacco rattle virus coat protein excluded material did not react with any antiserum. It was probably randomly aggregated protein and not double-layer protein discs.) This protein also sedimented with a value of less than Io S under these conditions. The fixed coat protein preparations were also visualized by electron microscopy. The polymer preparation showed characteristic discs (Fig. 3) . The preparation containing low mol. wt. protein did not contain any disc-like structures at all. Fixed protein of either type was stable for several weeks at 4 °C.
Agar gel immunodiffusion and immunoelectrophoresis
Reaction of TRV coat protein with protein-specific antiserum always led to the formation of a characteristic immunoprecipitation pattern in the Ouchterlony double-diffusion test (Fig. 4a) . The pattern consists of a line with a concave curvature towards the antigen reservoir (PL-P2) and a strong double-line with opposite curvature . Identical patterns were obtained with samples of coat protein eluted at different volumes Kay: o, Coat protein reacted with nucleoprotein-specific antiserum giving a single line similar to PL-P2 (E in Fig. 5a , B and C in Fig. 5b ), whereas the homologous antigen (purified long and/or short virus particles) always gave two virus-specific bands of the same curvature near the antigen well ( Fig. 4b and E in Fig. 5b) .
Fixed double-layer protein discs reacted with protein-specific antiserum by forming one single precipitin line with a concave curvature towards the antigen well (B and C in Fig. 5 (a) , A and F in Fig. 5(b) . This line fused completely with PL-P2 formed by untreated protein (D and E in Fig. 5 a, B and C in Fig. 5 b) . This fixed protein also formed a single band with nucleoprotein-specific antiserum, fusing with the less curved of the two bands formed by nucleoprotein and the same antiserum (E and F in Fig. 5b ). The nucleoprotein preparations must therefore contain antigens serologically identical to double-layer protein discs.
The mixture of fixed oligomers and monomers gave a precipitin band with a curvature towards the antiserum well (A and F in Fig. 5 a, D in Fig. 5b ) which joined PL-P3/4 from untreated coat protein without spur formation (D and E in Fig. 5a , B and C in Fig. 5b ). Spur formation was, however, observed between fixed polymeric and fixed oligomeric-monomeric protein indicating some antigenic differences between the two components (A and B in Fig. 5a ). The complete fusion of either line from fixed protein with the corresponding lines from untreated coat protein leads to the conclusion, that the formaldehyde treatment did not remove any detectable antigenic determinants from the native protein.
Physical and antigenic differences between both types of aggregates are also shown by immunoelectrophoresis ( Fig. 6a and 6b) . The formaldehyde treatment affected the electrophoretic mobilities of the molecules. Fixed oligomeric-monomeric protein did not react with nucleoprotein-specific antiserum at a dilution of the antiserum which was suitable for the detection of the 35 S-aggregates. DISCUSSION TRV coat protein was shown to exist in several distinct states of aggregation in vitro. Mol. wt. values of about 200o0, 75000 and 2IOOOO were estimated by gel chromatography for the coat protein subunit and two discrete oligomeric aggregates. A sedimentation coefficient of about 35 S was obtained by sucrose gradient sedimentation for a polymeric aggregate, which showed a characteristic disc-like structure when investigated by electron microscopy. Similar aggregates were described for TMV coat protein. For TRV, Morris & Semancik 0973) and Fritsch et aL (I973) using analytical sedimentation techniques, distinguished only between the 35S-aggregate and slowly sedimenting components. The four different aggregation states observed here in coat protein preparations are linked together by equilibrium reactions depending strongly on ionic strength and hydroxyl ion concentration at constant temperature and constant overall protein concentration. Protein at a concentration of about I mg/ml exists almost totally in the form of double-layer protein discs in diluted buffer at pH 7 and 4 °C. These dissociate completely at a pH between 5 and 4"5 or in the alkaline range above pH I I. Dissociation of double-layer protein discs occurs gradually by increasing the ionic strength with KC1. These general observations concur with results of Fritsch et al. (1973) and Abou Haidar et al. (~973) . They are in contrast with results obtained with other rod-like viruses, such as TMV and BSMV (Durham et al. ~97~ ; Atabekov et al. I968) . High ionic strength favours the formation of double-layer protein discs of these viruses.
Formaldehyde fixation of the protein aggregates made it possible to demonstrate the antigenic properties of double-layer protein discs and of a mixture of oligomers and monomers in the Ouchterlony double-diffusion test. From the corresponding immunoprecipitation patterns it can be concluded that at least the fixed low mol. wt. component possesses antigenic determinants, which are absent on the large aggregates. The comparison of double-layer protein discs with nucleoprotein preparations showed that the latter contain antigens serologically identical with the discs. It is suggested that these antigens might also be similar or identical physically, because such structures were observed by gel chromatography and electron microscopy in preparations of purified virus nucleoprotein. The second precipitin line formed by the nucleoprotein antigen preparation and homologous antiserum, which does not seem to be an artefact, might then be due to the reaction of virus particles and corresponding specific antibodies.
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